A method of dispersing YVO 4 : Eu quantum dots ͑QDs͒ as uniform two-dimensional ͑2D͒ layers with a high degree of homogeneity is presented. Annealing at 773 K resulted in coalescence of QDs to form nanoclusters with size of ϳ25 nm with an improved photoluminescence and ϳ80% transmittance at 800 nm. An efficient 5 D 0 -7 F 2 transition and lifetimes of ϳ1038 s for the characteristic Eu 3+ emission were observed. The absorption and emission peaks showed a slight blueshift, due to quantum-size effect, as compared to that for the bulk counterpart. Our method of 2D layer deposition is useful to enhance spectral response of the solar cells. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2973163͔ Quantum dots ͑QDs͒ have attracted much attention due to their potential applications for many high performance devices, 1 viz., the Si-solar cell 2 and QD based light emitting diodes.
A method of dispersing YVO 4 : Eu quantum dots ͑QDs͒ as uniform two-dimensional ͑2D͒ layers with a high degree of homogeneity is presented. Annealing at 773 K resulted in coalescence of QDs to form nanoclusters with size of ϳ25 nm with an improved photoluminescence and ϳ80% transmittance at 800 nm. An efficient 5 D 0 -7 F 2 transition and lifetimes of ϳ1038 s for the characteristic Eu 3+ emission were observed. The absorption and emission peaks showed a slight blueshift, due to quantum-size effect, as compared to that for the bulk counterpart. Our method of 2D layer deposition is useful to enhance spectral response of the solar cells. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2973163͔ Quantum dots ͑QDs͒ have attracted much attention due to their potential applications for many high performance devices, 1 viz., the Si-solar cell 2 and QD based light emitting diodes. 3 Chemically synthesized 4, 5 QDs with precise size ͑Ͻ5 nm͒ control and a suitable organic/inorganic cap are currently available for many practical applications. 6 The QDs of phosphor materials could be even more interesting as they do not scatter light and show enhanced emission efficiencies 7 and radiative lifetime shortening. 8 The spatially distributed phosphor QDs can act as a thin layer having good optical transparency and high emission characteristics. Such a layer can be useful for increasing the power conversion efficiency of a solar cell. The objective of the present study is to fabricate highly transparent and luminescent two-dimensional ͑2D͒ layer using inorganic capped YVO 4 QDs that possess the advantages of quantum-size effect. Annealing treatments performed to the layers not only initiated the nanocluster formation but also provided a proper thermal encapsulation, adherence, and increased PL emission related efficiencies.
In utilizing nanoparticles for device technology one of the fundamental issues is how to distribute nanoparticles uniformly over a substrate with a precise control of particle density. In most of the studies, the self-assembly scheme has been employed using the chemical interaction between the nanoparticles and the substrate. [9] [10] [11] This method is effective in achieving a dense layer of nanoparticles. However, the control of the particle density is difficult at submonolayer regime. Moreover, special chemical treatments of the substrate surface are needed and the results are sensitive to local chemical environment with enhanced defect susceptibility.
In this letter, we demonstrate the fabrication of uniformly distributed sodium hexametaphosphate ͑SHMP͒ capped YVO 4 : Eu nanophosphor layer with controlled particle density using the conventional spin-coating method followed by annealing treatment.
It is well known that the OH − groups show significant luminescence quenching behavior for most of the inorganic QDs. 12 Commonly, researchers synthesize YVO 4 : Eu nanophosphor by wet-chemical methods and protect the surface atoms by phosphate capping followed by redispersion in deionized water. This results in fully hydrated shell, and therefore, completes quenching of the photoluminescence ͑PL͒ by the surface atoms. Hence, the overall radiative efficiency goes down by many orders when compared to the bulk sample. To overcome this constraint we employed a nonhydrated phosphate dispersion of YVO 4 : Eu QDs and spin casted the films, resulting in substantial enhancement in luminescence intensities. In a typical experiment, stoichiometric amounts of soluble salts of yttrium, vanadium, and europium were dissolved in aqueous media to which a mixture of NH 4 OH and H 2 O 2 in the volume ratio 3:1 was added. When the pH of the solution was adjusted to ϳ8.0, ultrafine particles of YVO 4 : Eu precipitated out. The pale yellow body color of the precipitate confirmed the formation of YVO 4 :Eu QD agglomerates, which were washed three times with methanol to dehydrate the surface bound water molecules. The QDs are then stabilized in 5% solution of SHMP in chloroform with rigorous ultrasonication prior to spin coating. Since SHMP is a transparent oligomer matrix, the luminescence from the YVO 4 : Eu QDs remains unaffected and visibly brilliant. The SHMP capping retards the growth and agglomeration of QDs by preferentially nucleating onto the dangling bonds of the outermost O − atoms of YVO 4 . By varying the molar ratio of YVO 4 : Eu QDs to the SHMP solution, the final particle density over the quartz substrate could be easily controlled. It has been observed that the structure and luminescent properties of the annealed nanophosphor layers are quite different from the bulk counterparts.
13 Figure 1͑a͒ shows the x-ray diffraction ͑XRD͒ profile of YVO 4 : Eu QDs corresponding to tetragonal zircon-type crystal structure.
14 The broad XRD peaks are clear indications of the ultrafine nature of the particles. The average crystallite size was calculated to be ϳ5 nm using Scherer's formula. 15 Superior optical transmittance ͑ϳ80% at 800 nm͒ and negligible scattering of light also indicate that the particles have almost zero dimensions. The inset of Fig. 1͑a͒ shows a quartz quevette containing colloidal solution of YVO 4 : Eu with minimum light scattering. Figure 1͑b͒ shows the transmis- 4 : Eu QDs with high order of stability and transparency has been achieved using the process employed. The conventional spin-coating method was used to dispense the YVO 4 : Eu QDs on a quartz substrate. One of the important prerequisites to ensure the uniform distribution of QDs is the cleanliness of the substrate. The quartz substrate was subjected to RCA cleaning and ultrasonication in acetone to ensure good adhesion for the QDs. For an easy control of the particle density on the surface the rotational speed of the spin coating was fixed at 1000 rpm and a number of coatings were optimized for ϳ80% transparency at 800 nm wavelength. The layers were then subjected to heat treatments up to 773 K for ϳ1 h to observe the modifications in the structural and luminescent properties. The annealing treatment also serves the basic purpose of removal of bounded organics, surface passivation of dangling bonds due to heat, and proper adhesion of the nanoparticles onto the quartz substrate. Figure 2͑a͒ shows the scanning electron microscopy ͑SEM͒ image of postannealed YVO 4 : Eu nanophosphor layer. Multiple coatings followed by heat treatment resulted in coalescence of QDs to form nanophosphor agglomerates of the order of 25 nm. A uniform distribution of particle aggregates is clearly seen throughout the surface in the SEM micrograph. Figure 2͑b͒ shows the histogram of particle size distribution and relative packing density over the substrate. The average density of particles estimated from the micrograph was ϳ4.2ϫ 10 10 particles/ cm 2 . The inset of Fig. 2͑b͒ shows the representative photograph of a highly transparent ͑ϳ80% at 800 nm͒ and bright red-emitting YVO 4 : Eu nanophosphor layer after annealing. It is interesting to note that the particles do have excellent adhesion with narrow size distribution throughout the surface. This is one of the stringent requirements for the current industry dealing with photovoltaic cells and light emitting diodes. As per the industry's requirement, the particle densities were optimized for a minimum optical transparency of ϳ80% at 800 nm, which is far below the saturation density limit of the nanophosphor layer on quartz substrate. Below the saturation density the nanoparticles adhere strongly as transparent layers and for higher densities they tend to form localized three-dimensional clusters with local disorders and lose the transparency appreciably. Figure 3 shows the room temperature PL spectra of YVO 4 : Eu coated layers heated at various temperatures to observe the annealing effects. Inset ͑i͒ in Fig. 3 shows the typical excitation spectrum of YVO 4 : Eu nanophosphor layer having a broadband absorption peak at ϳ295 nm, which is attributed to the sensitizing energy transfer state from the YVO 4 ͑host͒ to the Eu 3+ ͑dopant͒. The broadband absorptions in the range of 225-280 nm are attributed to various intra-and intermolecular transitions of VO 4 3− in YVO 4 that are also contributing efficiently to the energy transfer mechanism. 16 The characteristic emission bands observed at 560, 595, 615, 650, and 700 nm are due to efficient 5 4 crystal resulting in hypersensitive red emission at ϳ615 nm from 5 D 0 -7 F 2 transition, which is the most prominent emission in the PL spectra. Moreover, a moderate heating at 573 K improved the intensity of the PL peak while the peak position remained the same at ϳ615 nm. The effects became more prominent and saturated at and above 773 K. A slight blueshift in the PL emission peak as compared to that for the bulk-YVO 4 : Eu phosphor is attributed to the reduced dimensions and quantum confinement effects. The improvement in the PL intensity is mainly due to the axial compressive stress experienced by the bottom YVO 4 : Eu layer due to the layers above upon annealing. It has also been reported that the stress from the surface to the nanoparticle core slightly alters the lattice parameters. 17 This in turn modifies the Eu 3+ energy levels, as shown in inset ͑ii͒ of Fig. 3 , to higher energy regions producing more efficient luminescence transition in terms of brighter, intense, and sharper PL peaks. Apart from this, effective surface passivation and dehydroxylation from the nanoparticles' surface are also reported to improve the PL characteristics. 18, 19 However, in the present case it is assumed that all these factors are contributing significantly to PL enhancement upon annealing. The layers 
were subjected to various extreme relative humidity ͑RH͒ and temperature tests so as to observe their practical performance, and the result of such degradation study is shown in Table I . It can be seen that low ͑12%͒ RH and high temperature ͑ϳ75°C͒ conditions produce ϳ36% better PL intensity compared to ambient conditions, i.e., 50% RH and 30°C. At same RH ͑i.e., 12%͒ and room temperature ͑ϳ30°C͒ conditions PL intensity increased further to ϳ48%. High ͑ϳ80%͒ RH and room temperature ͑30°C͒ conditions decreased the PL intensity by ϳ20%. The results suggest that low RH levels and ambient temperature conditions should be maintained in order to extract improved PL emissions from the nanophosphor layers.
Another interesting feature observed of the YVO 4 :Eu nanophosphor layer is the decrease in PL intensity after prolonged UV ͑254 nm͒ irradiation for about 1 2 h. The PL intensity at 615 nm decreased to ϳ25% of its initial value. When a black paper mask covered a part of the nanophosphor layer during the UV irradiation, the covered part showed bright luminescence while the uncovered part did not. Moreover, the PL appearance and intensity regained almost the initial states after 24 h when stored up in dark conditions. Similar observations were made by Althues et al. 20 under inert and vacuum conditions that showed that the UV bleached parts did not recover. This indicates that oxygen plays a vital role in the regaining process of PL intensity. With this method, patterning of luminescent layer could be done, which may find application in developing volatile and nonvolatile optical data storage devices.
Time-resolved luminescence decay for YVO 4 : Eu nanophosphor layer was measured to investigate the dynamics of bound excitons. The decay was recorded for 5 D 0 -7 F 2 transition at 615 nm emission and 295 nm excitation by a time correlated single photon counting technique. The PL decay curve was measured with a xenon flash lamp as the source of excitation. Figure 4 clearly indicated that the luminescence lifetime for Eu 3+ ions at 615 nm radiation was delayed for about 1038 s. The lifetime data were very well fitted biexponentially and the parameters generated from the fitting are listed in the inset of Fig. 4 . The 5 D 0 -7 F 2 transition is an electric dipole transition and is quite sensitive to the surrounding of the Eu 3+ ion. 21 Since the transition occurs between the states of the same parity, the lifetime of the excited state is quite long. Moreover, the YVO 4 crystal structure has no inversion symmetry. Hence, the impediment experienced by the 5 D 0 -7 F 2 transition by a time constant of 1038 s is attributed to electric dipole allowed and spin and parity forbidden transitions. 22, 23 In summary, we have demonstrated a method for dispersing YVO 4 : Eu QDs as uniform 2D layers, which upon heat treatment coalesce to form nanoclusters with size of ϳ25 nm. The PL brightness of the layers increased many times and showed reversible photobleaching feature when exposed to high energy UV ͑254 nm͒ for more than 30 min. Due to significant quantum-size effects the absorption and emission peaks experienced a slight blueshift as compared to conventional bulk samples. Degradation studies conducted on 2D layer indicate that low RH and room temperature conditions would suit the best in improving the PL intensity substantially. The method presented of 2D layer deposition is promising and could be easily integrated to photovoltaic cells for better spectral response and energy conversion efficiency of the part of the solar spectrum. 
